C over crop use in the mid-Atlantic and other regions of the United States has expanded in recent decades because they are an eff ective tool for reducing erosion and nutrient leaching and because they are a source of recycled N and fi xed N 2 for ecological nutrient management (Drinkwater and Snapp, 2007; Hively et al., 2015) . However, it remains a signifi cant challenge to explain the variability and predict the outcome of N cycling processes across a range of cover crop management practices (Ketterings et al., 2015) , leaving farmers with few tools to support adaptive N fertility management when using cover crops. While simple mathematical models have been developed to predict N mineralization from crop residue decomposition in laboratory incubations and greenhouse studies (Vigil and Kissel, 1991; Th orup-Kristensen, 1994), these models have limited utility for N fertility management because they are not calibrated to predict relevant agronomic outcomes, such as crop yield response or N fertilizer replacement value. We have developed a model-data fusion approach that uses easily collected fi eld data to calibrate a simple, ecologically based, lumped-parameter model of the N cycle to predict how cover crops will aff ect the yield of a subsequent corn crop.
aBstract
One potential benefi t of cover crops (CCs) is that N mineralization from decomposing CC residues may reduce the N fertilizer requirement of a subsequent crop, but predicting this credit remains a signifi cant challenge. Th is study used a model-data fusion approach to calibrate a model of CC residue N mineralization and pre-emptive competition for soil NO 3 -that occurs during CC growth to predict the yield response of an unfertilized corn (Zea mays L.) crop. Th e model was calibrated with a data set of 199 observations from four CC experiments in central Pennsylvania. Th e most parsimonious model explained 82% of the variation in corn yield response. Parameters representing the C humifi cation coeffi cients for decomposed residues from winterkilled (e wk = 0.00) and winter-hardy (e wh = 0.40) CCs suggest that all winterkilled CCs resulted in net N mineralization, probably due to the longer period of time for decomposition of winterkilled residues. However, the yield response per unit of potentially mineralized N was greater for winter-hardy CCs (a wh = 0.034 with tillage, a wh = 0.020 with no-till) than for winterkilled CCs (a wk = 0.0084), probably due to the improved synchrony between corn N demand and the decomposition of winter-hardy CC residues relative to winterkilled residues. Pre-emptive competition for soil NO 3 -led to a reduction in the corn yield response. Because the model is based on ecological processes and can be calibrated with data sets from simple fi eld experiments, the model-data fusion approach could be widely used to guide adaptive management of CCs and N fertilizer applications in a subsequent corn crop.
core ideas
• A simple model predicts how cover crops aff ect N availability to the next corn crop.
• Th e model highlights the ecological controls on N supply from cover crops.
• Site-specifi c cover crop measurements can guide adaptive N management using the model. • Regional model calibration could be achieved with easily collected data.
implementing an adaptive approach to N management following cover crops is the development of models that draw on easily collected, site-specific data to predict the effect of cover crop N cycling on subsequent crop yield. While many studies have attributed N supply differences to the N content and C/N ratio of the cover crop treatments (Vaughan and Evanylo, 1998; Vaughan et al., 2000; Cline and Silvernail, 2002; Miguez and Bollero, 2005; Tonitto et al., 2006; Finney et al., 2016) , only a few have used these biomass characteristics in empirical models to predict the N supply to a subsequent crop grown in the field (Benincasa et al., 2010; Tosti et al., 2012 ). An important limitation of these existing models is that they are based on linear regression, with parameters that are difficult to interpret in relation to ecological N cycling processes. More elaborate, process-driven agroecosystem models could be used to predict cover crop N cycling dynamics and support adaptive N management (e.g., Melkonian et al., 2008) , but calibration requirements and the infrastructure for managing input data place a burden on their widespread adoption.
A "middle ground" model-data fusion approach that has been successfully applied to natural systems (Manzoni et al., 2008) but not yet tested in agricultural systems is to calibrate a simple but ecologically based N cycling model with appropriate regional field data. Nitrogen mineralization theory (Jensen, 1929; Manzoni and Porporato, 2009 ) suggests an ecological model to represent the controls on net N mineralization, which can be adapted to predict the effects of cover crop residue decomposition on the yield of a subsequent crop:
where a is the grain yield response per unit of potentially mineralized N (Mg kg -1 ), N cc is the cover crop biomass N content (kg ha -1 ), (C/N) cc is the C/N ratio of the cover crop biomass (g g -1 ), (C/N) m is the C/N ratio of the microbial biomass (g g -1 ), e is a C humification coefficient (g g -1 ), and DY (Mg ha -1 ) is the predicted change in grain yield of a crop grown after cover crops compared to after a no-cover-crop control. By calculating the response variable as a difference compared with a no-cover-crop control, other factors that affect the overall yield potential of a crop are controlled. While Eq.
[1] is rooted in biogeochemical theory, it has important differences relative to commonly used N mineralization models. First, this model predicts a crop yield response rather than a mass of mineralized N. An assumption of the model is that the yield of unfertilized crops responds proportionally to N mineralization through the parameter a. Second, the parameter e does not strictly represent microbial C use efficiency (Sinsabaugh et al., 2013) , which is the fraction of C transferred to the microbial pool that is assimilated into the microbial biomass as opposed to respired as CO 2 in one cycle of microbes feeding on an organic substrate. Instead, it is a C humification coefficient (Kemanian et al., 2011; White et al., 2014) , which is the proportion of cover crop C transferred to the microbial pool that remains assimilated in the microbial biomass (as opposed to respired) within a given time frame of interest, potentially spanning multiple cycles of microbial feeding and predation. In this study, the time frame of interest is from cover crop termination (either frost killing in winter or managed termination in spring) to the cessation of N uptake by the following corn crop (physiological maturity). Hereafter, we use the term decomposition to mean the transfer of C from cover crop residues to the microbial pool, where a portion of the decomposed cover crop C remains assimilated in the microbial biomass and the remainder is respired. Equation [1] is mathematically equivalent to models calibrated by others that credit the N content and debit the C content of crop residues (Vigil and Kissel, 1991; Thorup-Kristensen, 1994) but has the advantage of parameters that can be interpreted in relation to ecological processes and cover crop management practices. Below, we further elaborate how ecological theory guides the expansion of this model to include representations of cover crop phenology (winterkilled vs. winter hardy), tillage effects on residues, and pre-emptive competition for N between the cover crop and subsequent cash crop.
The objective of this study was to use a model-data fusion approach to predict the corn yield response to cover crops using easy-to-collect field data and an ecologically based model of N cycling processes (Eq. [1] ). This approach draws on the rich history of agricultural fertility testing in that it relies on regionally derived relationships between field-scale plant and soil data and crop yield responses. However, it differs from prior approaches in that field data drive a biogeochemical model representing critical N cycling processes. To test the approach, we used a calibration data set assembled from four cover crop experiments that included a wide range of cover crop management practices, including the use of winterkilled and winter-hardy cover crop species and species mixtures along with tillage and no-till cover crop residue management. This data set represents edaphic and climate conditions typical of central Pennsylvania. As is required for most soil fertility testing, we expect that the model-data fusion approach described here would be used to calibrate similarly structured models for different geographies.
Methods

Ecological Theory and Model Specification
The parameter e in Eq.
[1] represents a C humification efficiency or the proportion of cover crop residue C that remains assimilated in the microbial biomass within a time frame of interest. The parameter e has important implications for cover crop management because e controls the C/N ratio threshold at which the cover crop biomass causes net N mineralization vs. net N immobilization. This critical C/N ratio can be solved for when Eq. [1] is set to zero to obtain
where (C/N) cc * and (C/N) m are the critical C/N ratio and the C/N ratio of the microbial biomass, respectively. When e increases (i.e., when more cover crop C is retained in the microbial biomass), (C/N) cc * decreases. Cover crop residues with a C/N ratio above this threshold would immobilize N during the corn growth period, requiring managers to apply additional fertilizer N to offset the immobilization demand.
In the context of cover crop decomposition, e may vary based on the net proportion of C inputs that remain assimilated in the microbial biomass through the duration of N uptake by the subsequent crop, a factor that is controlled by time, the role of environmental conditions such as temperature and moisture in regulating microbial respiration, and the recalcitrance of cover crop residues to decomposition. A longer decomposition period with environmental conditions conducive to microbial respiration, which occurs for winterkilled cover crops relative to winter-hardy cover crops in the mid-Atlantic region, may result in greater C respiration and a lower e. Therefore, the critical C/N ratio may be higher for winterkilled than winter-hardy cover crops. Many other ecosystem properties may play roles in regulating e, including soil texture, microbial community composition and its physiological response to environmental changes, and N availability in the soil and plant litter (Schimel and Weintraub, 2003; Manzoni et al., 2008; Sinsabaugh et al., 2013; White et al., 2014) . We did not add additional controls on e to the model proposed here because of relatively homogenous site conditions across the calibration data set and to preserve a model structure that is simple enough to be calibrated with easily collected field data. Future studies that seek to fuse data from more heterogeneous sites into a predictive model may need to introduce further controls on e, with the recognition that they should be ecosystem properties that can be easily measured (e.g., soil texture) so as to maintain a model with low barriers to adoption. The parameter a in Eq.
[1] is the yield response per unit of potentially mineralized cover crop N. It is a lumped parameter that integrates the fraction of cover crop residues that decompose within the corn N uptake period and the efficiency with which the mineralized or immobilized N impacts corn yields. The magnitude of a may be affected by the rate and duration of cover crop decomposition and the synchrony of N mineralization or immobilization with the period of corn N uptake, a period controlled by the interaction of planting date, climate, and hybrid relative maturity (Crews and Peoples, 2005; Cook et al., 2010) . Cover crop management practices that could control these factors are whether cover crops are winterkilled or winter hardy and whether or not residues are incorporated into the soil with tillage (Dabney et al., 2010) .
Winterkilled cover crops decompose for a longer period of time than winter-hardy cover crops prior to growth of a subsequent corn crop, although cold temperatures in winter and early spring would slow initial decomposition rates. Despite the potentially greater extent of decomposition of winterkilled cover crops, the portion of N mineralized from winterkilled cover crops during the winter and spring is not in synchrony with corn N uptake and may be subject to leaching or denitrification losses (Dean and Weil, 2009) . It is therefore difficult to predict whether a for winterkilled cover crops would be greater or less than that for winter-hardy cover crops. The value may also be influenced by interactions of edaphic and climatic factors, such as soil texture, water percolation rates, and seasonal precipitation and temperature patterns. Few studies have compared the N supply potential of winterkilled and winter-hardy cover crops, but those that tried have found that winterkilled cover crops supply less N to a subsequent crop than winter-hardy cover crops (Andraski and Bundy, 2005; Constantin et al., 2011) .
Incorporation of cover crop residues into the soil with tillage is another management factor that may affect a. Tillage incorporation of residues causes faster residue decomposition because of environmental conditions more conducive for decomposition, including optimal moisture levels, closer proximity to decomposer organisms, and smaller residue particle sizes (Vaughan and Evanylo, 1998; Drinkwater et al., 2000) . How this would affect a is uncertain; faster residue decomposition rates mean that a greater proportion of the cover crop residues might decompose within the corn N uptake period, but N mineralization occurring too early in the season may be asynchronous with peak N demand by a corn crop, potentially allowing greater early-season N losses. Studies that have compared the N supply potential of cover crops under tillage and no-till residue management have shown mixed results regarding which management practice is better for the cover crop N supply to a subsequent crop (Vaughan and Evanylo, 1998; Vaughan et al., 2000; Cline and Silvernail, 2002) .
The parameter a may also depend on whether cover crop residues cause net N mineralization or net N immobilization over the duration of corn growth. In the model, the threshold between net N mineralization and net N immobilization is calculated by the critical C/N ratio that results in a positive corn yield response (net N mineralization) rather than a negative corn yield response (net N immobilization). The result of net N mineralization is an increase in soil NH 4 + and subsequently NO 3 -, a chemical form of N that is prone to leaching and denitrification losses before it can be recovered by a subsequent crop. These losses of mineralized N could create an inefficiency that would reduce the yield response per unit of potentially mineralized cover crop N. When net N immobilization occurs during corn growth, the slope of the yield response may be greater than for net N mineralization because the immobilized N is not susceptible to environmental losses (McSwiney et al., 2010; Drinkwater et al., 2011) .
Although we see the primary role of this model as a predictive tool, the ecologically based model structure also provides a framework for interpreting the N use efficiency of organic inputs. The model structure and parameters can be used to analyze the fraction of total cover crop N that is recovered in a subsequent crop, the efficiency with which N mineralized from cover crop residues is recovered by a crop, and the fraction of decomposed cover crop N that remains stabilized in soil organic matter pools at the end of a cropping season. Each of these metrics has relevance when interpreting the N use efficiency of organic inputs (Gardner and Drinkwater, 2009) . To use the model in this type of analysis, the response variable DY must be expressed in units of corn biomass N content (kg ha -1 ). This can be achieved either by directly calibrating the model to measurements of corn biomass N content or by converting a model that was calibrated to grain yield measurements to units of corn biomass N based on typical values for whole-plant N concentration and the harvest index. When DY is expressed in units of corn biomass N, the fraction of the total cover crop N recovered by a corn crop is then calculated from terms in Eq.
[1] as DY/N cc . The parameter a is a composite of the fraction of cover crop residues that decompose in a given time frame multiplied by the efficiency with which N mineralized from decomposed residues is recovered by the corn crop. Therefore, the recovery efficiency of mineralized N can be solved for given an estimation or assumption of the fraction of cover crop residues that have decomposed. Finally, the fraction of decomposed cover crop N that remains stabilized in soil organic matter pools at the end of a season can be calculated from the terms in Eq. [1] as e(C/N) cc /(C/N) m .
While N mineralization from decomposing cover crops can have a strong impact on N availability to a subsequent crop, N scavenging by cover crops prior to their termination in the spring can also affect N availability. This pre-emptive competition by cover crops may reduce inorganic N availability to the subsequent crop (Thorup-Kristensen et al., 2003) . To account for the pre-emptive competition effect of cover crops, the model includes a final component that adjusts for the difference in the soil NO 3 --N concentration between each cover crop plot and a bare fallow comparison plot (DNO 3 -, mg kg -1 ) at the time of cover crop termination in spring. The pre-emptive competition effect is only calculated when soil NO 3 --N concentrations in the cover-cropped plots are less than in the reference no-cover-crop plot. The reverse scenario, greater soil NO 3 --N concentrations in the cover-cropped plots than the no-covercrop plots, only occurred in our calibration data set when the cover crop treatment was composed purely of winterkilled species. The increased soil NO 3 --N concentrations following winterkilled cover crops is presumably due to N mineralized from decomposing cover crop residues, an effect that the model captures through the N mineralization component for winterkilled residues. To focus the N supply credit from winterkilled residues in the N mineralization component of the model, when soil NO 3 --N concentrations in the cover-cropped plots were greater than in the no-cover-crop plots, DNO 3 -was set to zero.
During preliminary rounds of model calibration (the calibration process is described below), we observed a plateau point in the negative corn yield response at DY = -5 Mg ha -1 when winter-hardy cover crop residues were highly N immobilizing. The observed corn yield response did not decline below this plateau point, despite increases in the winter-hardy cover crop C content or C/N ratio that caused the predicted corn yield response to continue declining. To account for the potential of a plateau point in the extreme negative end of the corn yield response range, we added a parameter to the model (Y wh-min , in Mg ha -1 ) to constrain the maximum N immobilization caused by winter-hardy cover crop residues. Theoretically, N immobilization can be constrained when the pool of soil inorganic N available for microbial immobilization is not sufficient to meet the microbial N immobilization demand. When this condition occurs, either residue decomposition becomes limited by soil inorganic N availability or microbial communities utilize C overflow mechanisms, such as catabolic CO 2 production or polysaccharide exudation, to maintain biomass stoichiometry homeostasis (Manzoni and Porporato, 2009 ). In either case, the functional result is that no further N immobilization occurs above this threshold of residue C inputs.
To incorporate the aforementioned theory into a lumpedparameter model, Eq.
[1] can be expanded as C N 1 10
where N wkcc and (C/N) wkcc are the N content (kg ha -1 ) and C/N ratio of the winterkilled cover crop biomass components measured in the fall at peak biomass production prior to winterkilling. Similarly, N whcc and (C/N) whcc are the N content and C/N ratio of the winter-hardy cover crop biomass components measured in the spring just prior to termination. The terms NO 3 -cc and NO 3 -nc represent the soil NO 3 --N concentrations (mg kg -1 soil, 0-20-cm depth) at the time of spring cover crop termination in the cover-cropped soil and a comparison non-cover-cropped soil, respectively. We fixed the microbial biomass C/N ratio at an estimate of 10, following the work of others (Manzoni et al., 2008) . Equation [3] predicts the absolute grain yield response (DY, Mg ha -1 ), calculated as the yield difference between corn grown after a cover crop and corn grown after a no-cover-crop control, with an important assumption that there is no vegetation growth (including weeds) in the no-cover-crop control plots during the cover-cropping period.
The cover crop and soil measurements used as inputs to Eq. [3] were measured in a series of field experiments, forming a data set used to calibrate and cross-validate the model while testing hypotheses about cover crop management effects and biogeochemical processes that are embedded in the model formulation. The parameters e wk , e wh , a wk , a wh , Y wh-min , and b pc in Eq.
[3] are all fitted through the calibration process described below. The parameters e wk and e wh are the C humification coefficients for winterkilled and winter-hardy cover crop biomass components, respectively. The parameters a wk and a wh represent the slope of the yield response to potentially mineralized cover crop N for winterkilled and winter-hardy components of the cover crop biomass. Each a parameter can take on four potential values based on the factorial combinations of tillage vs. no-till residue management and net N mineralizing vs. net N immobilizing biomass. Biomass is categorized as N immobilizing when the C/N ratio of winterkilled or winter-hardy biomass is greater than 10/e wk or 10/e wh . The e and a parameters are fit simultaneously using the level of a specific to the residue management method and N mineralizing or N immobilizing category of each observation. The parameter Y wh-min is the plateau point in the negative corn yield response to N immobilization from decomposing winter-hardy cover crops. The parameter b pc (Mg ha -1 mg -1 kg) represents the slope of the yield response to pre-emptive competition for soil NO 3 --N.
calibration data set A calibration data set of 199 observations was assembled from the results of four cover crop experiments that included a wide variety of cover crop species and mixtures and different tillage practices (Table 1) . Experimental methods and some results from Exp. 4 were reported by Finney et al. (2016) , whereas methods and results from the other three experiments have not been previously published. The experiments were all conducted in fields located within a 0.5-km radius of each other at the Russell E. Larson Agricultural Research Center in Pennsylvania Furnace, PA (40°43¢ N, 77°55¢ W), with cover crop plantings initiated in 2011 and 2012. Air temperature and precipitation in the experiment years compared with the 30-yr normal for the location are shown in Fig. 1 . The taxonomic class of soils in the experimental fields was fine, mixed, semiactive, mesic Typic Hapludalf. Soil textural classes of the soils across the sites were clay, silty clay loam, and loam. Soil pH ranged from 6.1 to 7.1, and soil C concentration ranged from 1.2 to 1.5% in the 0-to 20-cm depth segment across the sites. Experiments 1, 2, and 3 were conducted using no-till residue management and Exp. 4 used tillage residue management. Cover crop treatments were planted in July or August each year (Table 2) after harvest of either a winter wheat (Triticum aestivum L.) or oat (Avena sativa L.) crop. Straw from the previous small grain crops was removed from the fields prior to the cover crop experiments. In each experimental site year, cover crop treatments were arranged in a randomized complete block design with either three or four replicates. Each block also contained a no-cover-crop control plot that was maintained with a minimal amount of weed growth through the use of herbicide applications (glyphosate, [N-(phosphonomethyl) glycine], 0.84 kg a.e. ha -1 ) when necessary. Across the experiments, plot sizes ranged from a minimum of 3 by 12 m to a maximum of 6 by 9 m.
In each experiment, cover crop biomass N content (kg ha -1 ) and C/N ratio were measured to the species level at peak biomass production in the fall for winterkilled species and in spring for winter-hardy species (Table 2) following standard procedures as described by Finney et al. (2016) . Briefly, the cover crop biomass was clipped from a minimum of two 0.25-m 2 quadrats per plot, dried, weighed, ground, and analyzed for C and N concentrations on an elemental combustion analyzer (EA 1110, CE Instruments). When multiple winterkilled or winter-hardy species were present in a cover crop treatment, the N and C contents for all species within each category were summed to calculate the total N content and a composite C/N ratio (summed C content/summed N content) for the winterkilled species in the fall and the winterhardy species in the spring. When weed biomass N content >2 kg ha -1 occurred in a cover crop plot, it was treated as a winter-hardy species and included in the spring biomass N and C/N measurements.
At the time of cover crop termination in the spring, soil samples were collected to measure NO 3 --N concentrations in the 0-to 20-cm depth segment of cover-cropped and non-cover-cropped plots. These data were used to estimate pre-emptive competition for soil NO 3 -by cover crops. Six soil cores (1.8-cm diameter) were composited from each plot, extracted with 2 mol L -1 potassium chloride, and the NO 3 --N concentration measured according to the procedures described by Finney et al. (2016) .
Following cover crop termination, corn was planted across the plots in each experiment (Table 2) . No irrigation was used in any of the experiments, and the corn yields used in this study were from subplots where no fertilizers were added. Corn grain yields were measured in each cover crop plot and in no-covercrop control plots by harvesting the center two corn rows with a small-plot combine. Grain yields from each plot were adjusted to a dry-matter basis (Mg ha -1 , 0% moisture), and the yield difference between each cover crop plot and the average of the nocover-crop replicates within a site year was used as the response variable in the model (DY). Grain yields in the no-cover-crop CA + HV + RC + RY sB + ssG + RC fM + fr + oa + ssG oa + sB + ssG + RC + RG fr + oa + CA + RY fr + oa + HV + RC fr + oa + sB + sh sB + sh + CA + RY fM + fr + oa + ssG + BA + CA + RG + RY fr + oa + sB + sh + CA + HV + RC + RY plots in Exp. 1 through 4 were 7.8, 2.9, 7.2, and 7.4 Mg ha -1 , respectively, representing a wide range of inherent yield potentials and indigenous N supply capacities across the sites. Experiments 1, 2, and 3 were managed using no-till residue management throughout the duration of the experiments. Prior to the start of the cover crop experiments, these experimental fields had been managed without tillage for 6, 3, and 1 yr, respectively. Cover crops were planted into untilled seedbeds where preexisting weed growth had been suppressed with glyphosate (0.84 kg a.e. ha -1 ). Winter-hardy cover crops were killed in the spring (Table 2 ) with glyphosate (1.68 kg a.e. ha -1 ) and dicamba (3,6-dichloro-2-methoxybenzoic acid, 0.56 a.i. kg ha -1 ) and the residues of winterkilled and winterhardy cover crops decomposed on the soil surface for the remainder of the experiment. Corn was planted into untilled seedbeds using a no-till planter. Weeds were controlled in the corn with metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide, 1.47 kg a.i. ha -1 ], atrazine [6-chloro-N-ethyl-N¢-(1-methylethyl)-1,3,5-triazine-2,4-diamine, 1.47 kg a.i. ha -1 ), and mesotrione (2-[4-(methylsulfonyl)-2-nitrobenzoyl]cyclohexane-1,3-dione, 0.19 kg a.i. ha -1 ) applied at corn planting.
Experiment 4 was conducted using tillage residue management. Cover crops were planted into a plowed, disked, and cultipacked seedbed. Winterkilled cover crop residues were allowed to decompose on the soil surface until spring termination of the winter-hardy cover crops (Table 2) . Winter-hardy cover crops were terminated by flail mowing, followed by an application of glyphosate (1.68 kg a.e. ha -1 ), and finally soil incorporation of the residues with a moldboard plow. The seedbed for corn planting was prepared by disking and cultipacking the soil. Weeds were controlled in the corn crop with the same residual herbicides used in Exp. 1 through 3, and no further tillage took place after corn planting.
Model calibration and statistical tests
The parameters in Eq.
[3] were calibrated using the NLMIXED procedure in SAS Version 9.3 (SAS Institute). The e and a parameters were fit simultaneously using the level of a specific to the residue management method and N mineralizing or N immobilizing category of each observation. Values for the e parameters were bounded between 0 and 1, and values for the a parameters were bounded to ³0. The optimization algorithm used was the Newton-Raphson method with ridging. Model fit was evaluated using the Akaike information criterion (AIC). Outliers were identified and removed from the analysis if the observation fell outside threshold values for both the studentized residual (absolute value > 2.5) and the DFBETA (absolute value >2/Ö199) in a post-hoc regression of predicted against observed values. Seven outliers were identified and removed based on this method. Estimate statements programmed in NLMIXED were used to conduct statistical tests of equality for different levels of the parameter values (Student's t-test, a = 0.05). To determine the most parsimonious model, splits in the e and a parameters for winterkilled vs. winter-hardy cover crops, tillage vs. no-till residue incorporation, and N mineralizing vs. N immobilizing biomass were collapsed based on the results of the statistical tests of equality. At each iteration of model trimming, the parameter splits with the highest t-test P value were combined. An iteration of parameter trimming was retained if it reduced the AIC from the previous iteration. The fit statistics used to evaluate the final reduced model were the coefficient of determination (r 2 ), root mean square error (RMSE), and mean bias error (MBE). A stratified fivefold cross-validation of the most parsimonious model was used to assess the predictive capacity of the model on blind data and to evaluate uncertainty in the parameter estimates. In this type of cross-validation, each observation is randomly assigned to one of five subsamples. Each subsample is used once as a validation set for a model that was trained on the other four subsamples. The random assignment of observations to the five subsamples was stratified by experimental site year and by whether the yield response was positive or negative.
results
Fitting the full N mineralization model (Eq. [3]) allowed statistical tests of equality among different levels of the e and a parameters and provided a baseline AIC statistic to compare reduced models against. There were statistically significant differences between no-till and tillage residue management for a wh when cover crop biomass was N mineralizing and between e wk and e wh (Table 3) . Parameter values could not be estimated for several levels of a applied to N-immobilizing cover crop biomass because no observations occurred within the calibration data set for those levels. The baseline AIC statistic for the full model was 538.5.
To determine the most parsimonious model, parameters were trimmed based on the statistical tests of equality, and the fit of reduced models was evaluated using the AIC. For a wk , splits between tillage and no-till residue management and between N immobilizing and N mineralizing biomass were removed, leaving only one level of a wk to be included in a reduced model. No data existed for the N immobilizing, no-till category of a wh , so this parameter level was also removed from the model. The resulting reduced model had an AIC statistic of 531.6. The statistically significant differences between no-till and tillage residue incorporation for a wh when cover crop biomass was N mineralizing and between e wk and e wh observed in the full model were maintained at the same significance levels in the reduced model. Attempts to trim the model further all caused the AIC statistic to increase. Inclusion of a plateau point for the negative corn yield response to N immobilization by winter-hardy cover crop residues (Y wh-min = -3.8 Mg ha -1 ) was necessary to achieve the best model fit (Fig. 2) .
Fitted parameters for the final reduced model are listed in Table 4 Y wh-min , Mg ha -1 -3.8 <0.0001 † a wk , grain yield response per unit of potential net N mineralization from winterkilled cover crop residues; a wh , grain yield response per unit of potential net N mineralization from winter-hardy cover crop residues; e wk , C humification efficiency for winterkilled cover crop residues; e wh , C humification efficiency for winter-hardy cover crop residues; b pc , grain yield response to pre-emptive competition for soil NO 3 --N; Y wh-min , plateau point in the negative corn yield response to N immobilization from decomposing winter-hardy cover crops. ‡ Student's t-test of the null hypothesis that parameter values within a row are equal (df = 192 for all tests). § There were no samples in this category of the data set that immobilized N based on fitted values of e. ¶ Student's t-test of the null hypothesis that the parameter value is equal to zero (df = 192). The reduced model had fit statistics of r 2 = 0.82, RMSE = 0.93, and MBE = 0.03 (Fig. 2B) . Parameter values ranged narrowly across the five folds of the model cross-validation (Table 4) , with a predictive accuracy for out-of-fold observations of r 2 = 0.79 (slope = 0.98, intercept = -0.03).
The data set used to calibrate this model contained 33 different cover crop treatments including monocultures and multispecies mixtures, with several treatments present in multiple experiments. Averaged across experiments, the yield effect of each cover crop treatment predicted by the model fell within the 95% confidence interval of the mean observed value for all of the 33 treatments (Fig. 3) .
The NO 3 --N concentration of non-cover-cropped soil places a control on the pre-emptive competition effect modeled in Eq. [4] . This varied across experimental site years (Table 5) , with soil NO 3 --N concentration in no-cover-crop plots ranging from 0.3 to 6.3 mg kg -1 soil.
discussion
The model-data fusion approach used in this study provides a framework to evaluate and predict how a wide variety of cover crop types affect N availability and the yield response of a subsequent crop in a field setting. This approach bridges the gap between previous N mineralization models developed from laboratory incubations or greenhouse studies (Vigil and Kissel, 1991; Thorup-Kristensen, 1994) , which are useful for examining processes in a controlled environment, and the need for models calibrated to predict agronomic responses in specific ecological and cropping system contexts. Structuring the model on the biogeochemical processes of N mineralization and pre-emptive -3.5 -3.9 -3.6 -4.3 -4.9 † a wk , grain yield response per unit of potential net N mineralization from winterkilled cover crop residues; a wh , grain yield response per unit of potential net N mineralization from winter-hardy cover crop residues; e wk , C humification efficiency for winterkilled cover crop residues; e wh , C humification efficiency for winter-hardy cover crop residues; b pc , grain yield response to pre-emptive competition for soil NO 3 --N; Y wh-min , plateau point in the negative corn yield response to N immobilization from decomposing winter-hardy cover crops.
competition and using lumped parameters creates a flexible model framework that can be calibrated regionally with easily collected field data. The calibrated parameters can further be interpreted to understand how cover crop management interacts with the ecological controls on N availability to subsequent crops.
winterkilled vs. winter-hardy cover crop Effects on the Carbon Humification Coefficient
The parameter e was different for winterkilled and winterhardy cover crop residues. A value of 0.00 for e wk suggests that the net storage of winterkilled C inputs in the microbial biomass at the cessation of corn N uptake is nil. This may be because of the long duration for decomposition of cover crop residues between the period of winterkilling (OctoberJanuary, depending on species) and physiological maturity of the subsequently planted corn (Table 2) , which allows for the complete turnover of cover crop residue C through the microbial biomass. The value for e wh (0.40) is close to the microbial C use efficiency that has been suggested for routine use in ecosystem models (Sinsabaugh et al., 2013) and is conceptually plausible given that corn is planted shortly after microbes begin decomposing winter-hardy cover crop residues. [3] to predict corn yield response, averaged by cover crop treatment across all experiments. Cover crop treatments included in the data set are listed on the y axis, with species codes used from Table 1. In the first and second columns are the cover crop biomass N content (N cc ) and C/N ratio [(C/N) cc ] for winterkilled and winter-hardy components of each treatment. In the third column are soil NO 3 --N concentrations measured in the 0-to 20-cm depth segment at the time of cover crop termination in spring. In the fourth column, blue bars are the model prediction for the corn yield response (DY) and black dots are the measured DY bounded by a 95% confidence interval of the mean. The DY was calculated as the difference between the corn yield after a cover crop and the corn yield after no cover crop. Cover crop treatments are sorted in ascending order of DY as predicted by the model.
In the model, e and the microbial biomass C/N ratio control the critical cover crop biomass C/N ratio for N mineralization (Eq. [2]). A value of 0.00 for e wk suggests that winterkilled cover crop residues would never cause net N immobilization during the corn phase, regardless of the biomass C/N ratio. The greatest winterkilled cover crop biomass C/N ratio observed in the calibration data set was 41 g g -1 for residues of a sorghum-sudangrass (Sorghum bicolor L. ´ S. bicolor var. sudanese) monoculture (Fig. 3) . The corn yield response measured after this cover crop treatment was not significantly different from zero (Fig. 3) . For winter-hardy cover crop biomass, assuming a microbial biomass C/N ratio of 10 g g -1 and using e wh = 0.40, Eq.
[2] predicts a critical cover crop biomass C/N ratio of 25 g g -1 . There were seven cover crop treatments in the calibration data set with a winter-hardy cover crop biomass above the critical C/N ratio, all of which contained cereal rye (Secale cereale L.) as one of the species (Fig. 3) . These seven treatments all had a negative DY in the field experiments, and the model accurately predicted the relative magnitude of the yield decline for each treatment. The critical C/N ratio for winter-hardy cover crops determined here is the same as in the model fit by ThorupKristensen (1994) and used by Tosti et al. (2012) .
cover crop and tillage effects on the yield response per unit of Potentially Mineralized cover crop nitrogen
The full model described in Eq.
[3] allows the parameter a to take on eight different levels based on the factorial combinations of winterkilled vs. winter-hardy cover crop biomass, tillage vs. no-till residue management, and N mineralizing vs. N immobilizing biomass. The best-fitting reduced model retained only four discrete levels for a, however: a single level for a wk and three levels for a wh depending on tillage practices and whether the cover crop biomass was N mineralizing or N immobilizing (Eq. [4]; Table 4 ). For the potential levels of a wk , N-immobilizing levels were removed from the model because e wk prevented N immobilization from occurring. The difference between tillage and no-till residue management levels of a wk were not statistically significant, resulting in a single value of a wk (0.0084) that could be applied to all observations in the calibration data set. Tillage practices may not have affected a wk because much of the decomposition of winterkilled residues occurs before tillage operations in the spring. For the potential levels of a wh , when the cover crop biomass was N mineralizing (C/N < 10/e wh ), a wh for tillage residue management (0.034) was greater than for no-till residue management (0.020). Tillage incorporation of cover crop residues can increase residue decomposition rates, leading to greater accumulations of soil inorganic N during corn growth (Drinkwater et al., 2000; Sainju and Singh, 2001 ). In our model, a greater a wh when N-mineralizing cover crops are incorporated with tillage compared with no-till residue management suggests that faster and more extensive residue decomposition with tillage incorporation may increase the yield response of corn. Other studies have shown similar results for tillage vs. no-till incorporation of N-mineralizing residues (Dou et al., 1994; Vaughan et al., 2000) , with the caveat that tillage effects may have interactions with other yield-influencing factors, such as planting date (Sainju and Singh, 2001) , soil moisture (Vaughan and Evanylo, 1998) , and plant populations (Cline and Silvernail, 2002) .
The parameter a wh is greater when a winter-hardy cover crop biomass causes N immobilization (0.12) than when the biomass causes N mineralization (0.034). In other words, every unit of potentially immobilized N causes a negative yield response that is more than three times as large as the positive yield response caused by each unit of potentially mineralized N. The impact of N-immobilizing residues on corn yields may be particularly strong because the reduction in soil inorganic N content caused by N immobilization is maintained for the duration of the corn crop growth. On the other hand, the increase in soil inorganic N content resulting from N mineralization can lead to a large pool of accumulated soil NO 3 -before the period of peak corn N demand (Vaughan and Evanylo, 1998; Vaughan et al., 2000) , leaving the mineralized N prone to losses. Such early-season N losses might reduce the efficiency with which mineralized N increases corn yield. The level of a wh for an N-immobilizing cover crop biomass could only be estimated for tillage residue management practices because there were no observations in the calibration data set with no-till residue management where winter-hardy cover crops had a biomass C/N ratio greater than the critical C/N ratio for net N immobilization.
The differences between the a wk and a wh parameters indicate differences in the efficiency with which N mineralized from winterkilled and winter-hardy cover crops affects the corn yield response. The value for a wk (0.0084) is less than the values for a wh (0.020 for no-till, N-mineralizing biomass; 0.034 for tillage, N-mineralizing biomass, and 0.12 for tillage, N-immobilizing biomass; Table 4 ), suggesting that N mineralized during winterkilled cover crop decomposition affects corn yields less efficiently than N mineralized or immobilized from winter-hardy cover crops. This is probably due to the asynchrony between winterkilled cover crop decomposition and corn N uptake. When winterkilled cover crops mineralize N during late fall, winter, and early spring, the mineralized N may be subject to leaching or denitrification losses because N uptake by the subsequent crop has not begun yet or is very low. Finney et al. (2016) reported potential overwinter NO 3 -leaching losses for the cover crop treatments in Exp. 4 and found that N leaching losses were generally greater for the winterkilled treatments than the winter-hardy treatments. Dean and Weil (2009) observed that NO 3 -mineralized from winterkilled forage radish (Raphanus sativus L.) in some cases leached to a depth of 45 to 120 cm by the time of corn planting Table 5 . Soil NO 3 --N concentration of the no-cover-crop plots used in Eq. [4], as measured in each experiment. In the model, the soil NO 3 --N concentration of the no-cover-crop plots at the time of spring cover crop termination sets an upper bound on the potential for pre-emptive competition by cover crops.
Exp the following spring. Studies of N fertilizer application timing also showed that N fertilizer applied in the fall in humid environments is recovered less efficiently than fertilizer applied at planting in spring or sidedressed midseason (Gardner and Drinkwater, 2009) . Because early-spring N losses from decomposing winterkilled residues are the result of interactions between edaphic and climatic factors, it is possible that future calibrations of a model using data sets from a broader geographic domain may be able to formulate a wk as a function of soil texture, precipitation, or temperature.
Pre-emptive competition for soil nitrate
Pre-emptive competition for soil NO 3 -by cover crops prior to corn planting led to a negative component of the yield response model, with an estimate for b pc of -0.18 (Table 4 ). In the model, the extent of the pre-emptive competition effect is based on the difference between the soil NO 3 -N concentration in cover-cropped and non-cover-cropped soil at the time of cover crop termination in the spring (Eq. [3] ). Cover crop treatments containing winter-hardy non-legumes such as cereal rye, triticale (´Triticosecale Wittm. ex A. Camus.), annual ryegrass (Lolium multiflorum Lam.), and canola (Brassica napus L.) generally had soil NO 3 --N concentrations <1 mg kg -1 at spring cover crop termination (Fig. 3) , while the soil NO 3 --N concentrations in the no-cover-crop control plots varied across the experimental site years from 0.3 to 6.3 mg kg -1 (Table 5) . Thus, the potential for pre-emptive competition was bounded by site-specific conditions in the no-cover-crop controls. Sites with the greatest NO 3 --N concentrations in the no-cover-crop controls were prone to large pre-emptive competition effects, whereas pre-emptive competition was negligible at the sites with the lowest no-cover-crop soil NO 3 --N concentrations. Variability in no-cover-crop soil NO 3 --N concentration across sites could be driven by differences in the N mineralization potential of soil organic matter and weather patterns that affect microbial activity and springtime NO 3 -leaching. Cover crop treatments composed of purely winterkilled species had soil NO 3 --N concentrations at the time of spring cover crop termination that were generally greater than treatments containing winter-hardy non-legume species (Fig. 3) . The lack of spring NO 3 -scavenging by pure winterkilled cover crop treatments therefore moderates the pre-emptive competition effect. Winterkilled cover crop treatments containing forage radish had soil NO 3 --N concentrations greater than the nocover-crop controls at the time of spring cover crop termination (Fig. 3) . In cases where the cover-cropped soil had greater NO 3 --N concentrations than the no-cover-crop controls, the DNO 3 -term in Eq.
[3] was set to zero. This was done so that the contribution of N mineralized from winterkilled residues would be captured by the component in Eq. [3] that is driven by the winterkilled cover crop biomass N content and the parameters a wk and e wk .
Including the pre-emptive competition effect in the model requires users to measure soil NO 3 --N concentrations in the cover-cropped soil and a reference non-cover-cropped soil. Such a requirement creates extra soil sampling and analytical costs for the model to be used in a predictive application and would also require farmers to leave a no-cover-crop reference strip in each field. The additional data inputs and field management needed to include pre-emptive competition in the model could pose a barrier to its adoption. In the model calibration, strong correlations were observed between b pc and the tillage, N-mineralizing level of a wh , e wh , and Y wh-min (r = 0.57, -0.62, 0.81, respectively) . We tested the impact of removing pre-emptive competition from the model and found that although the model fit worsened (AIC = 542.9), the predictive accuracy of the model was still relatively strong (r 2 = 0.80, RMSE = 0.96, MBE = 0.07). Due to the correlations with b pc , shifts in the parameters a wh , e wh , and Y wh were able to recover much of the pre-emptive competition effect when b pc was removed from the model (Table 4) . When b pc is removed, e wh increases from 0.40 to 0.49, which reduces the potential net N mineralization from decomposing cover crop residues. The level of a wh for tillage residue management and N-mineralizing residues also declined from 0.034 to 0.026, indicating a less efficient yield response to potentially mineralized cover crop N. These parameter shifts absorbed the effect of pre-emptive competition by discounting the effectiveness of the N contained in the cover crop biomass at increasing corn yields.
interpretations for cover crop Management and Nitrogen Use Efficiency
The model calibrated by our data set, and future models calibrated in different regions, across a wider range of soil types and with different cover crop species and mixtures, can be interpreted to inform the selection and management of cover crops used to supply N to a subsequent corn crop. Because the lumped parameters a and e absorb interactions among climate, soil, and the synchrony of N mineralization with the period of N uptake by the subsequent crop (a period which itself is controlled by the interaction of crop hybrid selection, planting date, and climate), it is imperative to recognize that extension of this approach to different ecological or cropping system contexts will require recalibration of the model parameters. We expect that parameter estimates would differ from our calibration, for instance, in regions with different precipitation and temperature regimes or where different relative maturity hybrids are used.
Interpreting the results of our model calibration, which we view as a proof-of-concept and as a small initial step toward developing a model for the mid-Atlantic United States, suggests that to maximize the cover crop N supply and yield benefit to a subsequent corn crop, the cover crop should be managed to have a low biomass C/N ratio (for winter-hardy species) and a high biomass N content. These results are consistent with meta-analyses that found that legume cover crops, which have a low biomass C/N ratio, increase corn yields at low fertilizer N rates (Miguez and Bollero, 2005) and that the yield response increases with increasing cover crop biomass N content (Tonitto et al., 2006) . In our data set (Fig. 3) , a low biomass C/N ratio and/or high biomass N content was achieved most frequently by winter-hardy and winterkilled legume cover crops such as fava bean (Vicia faba L.), red clover (Trifolium pratense L.), and hairy vetch (Vicia villosa Roth). These species grown in monoculture, in mixtures with each other, and in mixtures with the winter-hardy non-legumes triticale and annual ryegrass or winterkilled non-legumes forage radish and oat resulted in the greatest positive corn yield responses.
The model structure and parameter estimates also allow an interpretation of the efficiency with which cover crops supply N to corn. This requires converting the calibrated model to predict the response variable in units of corn biomass N content (kg ha -1 ), which we did here by multiplying Eq. [4] by a whole-plant biomass N content/grain yield ratio of 18 kg Mg -1 , a ratio we derived from a typical value for the grain harvest index of 0.55 and a whole-plant N concentration of 10 kg Mg -1 (Kemanian et al., 2007) . Using this conversion, the hairy vetch treatment in our study generated a 36 kg ha -1 increase in corn biomass N content (Fig. 3) , suggesting that corn recovered 26% of the 140 kg ha -1 hairy vetch biomass N. The fraction recovered by corn may at first seem quite low, but it is consistent with a meta-analysis where the fraction of organic N additions recovered by a crop in the first year averaged 27% (Gardner and Drinkwater, 2009) . One of the reasons the fraction recovered by the crop is so low is because much of the N in organic inputs is stored in the microbial biomass or other stabilized organic pools. The model suggests that for winter-hardy legumes that have a biomass C/N ratio of ?10 g g -1 (Fig. 3) , 40% of the decomposed cover crop biomass N content remains assimilated in the microbial biomass [e(C/N) cc /(C/N) m = 0.4 ´ 10/10 = 40%]. As the cover crop biomass C/N ratio increases, the fraction stored in the microbial biomass would increase. The efficiency with which mineralized N is recovered by corn can be interpreted through the parameter a, which is a composite of the fraction of cover crop residues that decompose within the time frame of corn N demand and the recovery efficiency of mineralized N. Assuming that 100% of legume cover crop residues decompose within the corn N uptake period when cover crops are tilled into the soil, a wh for tillage-incorporated, N-mineralizing residues then represents the corn recovery efficiency of mineralized N. Using the calibrated parameter converted to units of corn biomass N response, the crop recovery efficiency of N mineralized from winter-hardy cover crop residues is 61% (a wh = 0.034 Mg kg -1 ´ 18 kg Mg -1 = 0.61).
While legume cover crops provided the greatest level of N supply to a subsequent corn crop, legumes are not as effective at reducing NO 3 -leaching over winter as non-legume cover crops (Tonitto et al., 2006) . Nitrogen scavenged by non-legume cover crops could be recycled to offset fertilizer N requirements by the subsequent corn crop if the cover crop biomass C/N ratio is low enough and the biomass N content is great enough so that the positive yield response resulting from net N mineralization is greater than the potential negative effect of pre-emptive competition. In our data set, mixtures composed of legumes and non-legumes tended to have greater biomass N content and a lower biomass C/N ratio than non-legume monocultures. Thus, cover crop mixtures may be able to provide N-scavenging services from the non-legume species while offsetting fertilizer N requirements of the subsequent crop.
While the a parameters suggest that the yield response to net N mineralization or immobilization is less from winterkilled cover crops than from winter-hardy cover crops, a lower value for e wk than e wh means that a greater proportion of the N in winterkilled cover crops is mineralized. The result is that winterkilled cover crops can provide a positive yield response similar in magnitude to that from winter-hardy cover crops. The model also illustrates that winterkilled cover crops pose less risk of N immobilization or pre-emptive competition causing a negative corn yield response. Reviewing the cover crop treatments that made up the calibration data set shows that no winterkilled cover crop monocultures caused a negative yield response, even when the cover crop biomass C/N ratio was as high as 41 g g -1 . Cover crop treatments with winter-hardy biomass C/N ratios greater than the critical threshold of 25 g g -1 all included cereal rye, a species that in this region matures rapidly in the spring and develops high C/N biomass as the tissue N concentration becomes diluted by the accumulation of structural material (Greenwood et al., 1990; Vaughan and Evanylo, 1998; Clark et al., 2007) . The negative corn yield responses in treatments with cereal rye underscore the need for terminating winter-hardy grasses before they reach a stage where the C/N ratio is greater than the critical C/N ratio at which N immobilization occurs. In our experiments, cover crop termination was intentionally delayed in an attempt to favor biomass production and N 2 fixation by the legume species, which tend to be slower growing in the spring than cereal rye. Future studies could use manipulation of the cover crop termination date to generate calibration data sets that include winter-hardy grasses terminated at earlier maturity stages.
using the Model for adaptive nitrogen Management
The model offers many insights into how cover crop management practices affect N availability to a subsequent corn crop and also provides a foundation on which cover crop N cycling processes could be integrated into an adaptive N management system. Future work with this model framework should examine how it can be used to determine optimum N fertilizer rates, an area where our current study is limited because N fertilizer rates were not tested in combination with the cover crop treatments. One potential way to integrate the model into this process is to calculate N credits for cover crops based on site-specific measurements of cover crop biomass N content and C/N ratio. For instance, the model predicts the yield response following a cover crop compared with no cover crop when no fertilizer is applied to the corn, which is used in the traditional method of calculating the N fertilizer replacement value for a cover crop (Lory et al., 1995; Ketterings et al., 2015) . Therefore, if an average fertilizer N response curve for corn grown after no cover crop is known for a given field, the model can be used to predict an N fertilizer replacement value based on measured variables of the cover crop and soil. Because N fertilizer response curves can vary substantially from year to year, a preseason prediction of the N fertilizer replacement value of a cover crop could provide a starting point in the management process, but further in-season monitoring of the N supply to the corn crop may be necessary to prevent N deficiencies and yield shortfalls.
At sites where a fertilizer N response curve for corn after no cover crop is not known, farmers, probably in cooperation with agronomists or researchers, could use the no-cover-crop reference strip needed for the calculation of pre-emptive competition to conduct an N fertilizer rate response trial. Farmers could also use different rates of N fertilizer in the covercropped portions of the field, including a zero-N fertilizer rate, to validate model predictions for the N fertilizer replacement value using the traditional method or calculate the cover crop N fertilizer replacement value of the cover crop via the difference method, which accounts for non-N-related rotation effects that can be important (Lory et al., 1995; Torbert et al., 1996; Andraski and Bundy, 2005) . In new environments where a model based on the theoretical framework outlined here has yet to be calibrated, results from these distributed on-farm experiments could even be compiled to calibrate the model for that environment.
We expect that the widespread deployment of a model such as this will follow the trajectory common to other successful soil fertility tools, where networks of regional field experiments are used to fine tune the input variables and calibration of the model (e.g., the development of the pre-sidedress soil NO 3 -test from Magdoff et al. [1984] through Sims et al. [1995] ). Once a model is calibrated for a particular region, farmers need only collect data on a limited number of input variables to predict the corn yield response. One of the key contributions of our work is the development of the theoretical framework and an initial proof-of-concept for a soil fertility tool to predict N availability from cover crop residues. conclusion This study demonstrates that a model-data fusion approach can be used to assimilate data from simple, distributed cover crop experiments into a lumped-parameter model based on N cycling theories. The result is a predictive tool that can guide site-specific adaptive N management in corn following cover crops, a significant advance over previous attempts to summarize and interpret N contributions from cover crops that have mostly highlighted the variability and unpredictability of cover crop fertilizer N replacement values. Furthermore, rooting the model in biogeochemical theory allowed us to interpret the ecological controls on the N supply to corn grown after cover crops, improving the understanding of how to manage cover crops for N supply in a temperate, humid climate. The modeldata fusion approach described here could easily be applied to develop region-specific calibrations for predicting cover crop N supply to corn, providing farmers with a tool to help realize the N supply potential of cover crops.
